MicroRNAs are highly expressed in endothelial cells, and recent data suggest that they regulate aspects of vascular development and angiogenesis. This study highlights the state of the art in this field and potential therapeutic opportunities. MicroRNAs (miRNAs) represent a family of conserved short (22 nt) noncoding single-stranded RNAs that have been identified in plants and animals. They are generated by the sequential processing of the RNA template by the enzymes Drosha and Dicer, and mature miRNAs can regulate the levels of gene expression at the posttranscriptional level. miRNAs participate in a diverse range of regulatory events via regulation of genes involved in the control of processes such as development, differentiation, homeostasis, metabolism, growth, proliferation, and apoptosis. However, rather than functioning as regulatory on-off switches, miRNAs often function to modulate or fine-tune cellular phenotypes. So far, more than 1000 mammalian miRNAs have been identified since the discovery of the first two miRNAs (lin-4 and let-7), and bioinformatics predictions indicate that mammalian miRNAs can regulate 30% of all protein-coding genes.
M icroRNAs (miRNAs) can be encoded in independent transcription units, in polycistronic clusters, or within the introns of protein-coding genes. For further reading on biogenesis of miRNAs, refer to reviews by Bartel (2004) and He and Hannon (2004) . The rules that guide miRNA-mRNA interactions are complex and are still under investigation. However, the current paradigm states that a WatsonCrick pairing between the mRNA and the 5 0 region of the miRNA centered on nucleotides 2-7, termed the "seed sequence," is required for miRNA-mediated inhibition (Bartel 2009) . This model has recently been refined to account for the presence of secondary structure and other features of the 3 0 -untranslated region (UTR) sequence surrounding the target site and for the ability of complementarity at the 3 0 end of the cognate miRNA to compensate for imperfect seed matching (Stefani and Slack 2008) . It is important to note that identifying functionally important miRNA targets is crucial for understanding miRNA functions. However, the possibility that a single miRNA may target multiple transcripts within a cell type and that individual transcripts may be subject to regulation by multiple miRNAs amplifies the scope of putative miRNA regulation of gene expression and indicates that the particular cellular context of a given miRNA will determine its function in that specific cell type (Suarez and Sessa 2009) . The purpose of this article is to highlight the role of miRNAs in angiogenesis.
ROLE OF Dicer IN ENDOTHELIAL CELL FUNCTION AND ANGIOGENESIS
To examine the spectrum of the significance of miRNAs, experiments using mutation or disruption of the rate-limiting enzyme involved in the maturation of miRNAs, Dicer, were carried out by several groups. This global loss of Dicer in mice leads to lethality at embryonic day 7.5 (E7.5), with embryos that are depleted of pluripotent stem cells (Bernstein et al. 2003) . Mice hypomorphic for Dicer (Dicer ex1/2 ) die between days 12.5 and 14.5 of gestation and have defective blood vessel formation, implying that Dicer is necessary for normal mouse development (Yang et al. 2005) . The importance of Dicer was reinforced using offspring of zebrafish that lack both maternal and zygotic Dicer, which exhibited severe defects in gastrulation, brain morphogenesis, and cardiac development associated with a disrupted blood circulation (Giraldez et al. 2005) . To further explore the consequences of Dicer deletion, several laboratories have generated mice harboring tissue-specific inactivation of Dicer. This has led to the conclusion that Dicer is essential for the differentiation and/or function of many tissues, including germ cells (Murchison et al. 2005 (Murchison et al. , 2007 Tang et al. 2007) , neurons (Cuellar et al. 2008 ), T-cell development (Cobb et al. 2005; Liston et al. 2008) , and skeletal muscle (O'Rourke et al. 2007 ). For example, cardiac-specific deletion of Dicer produced dilated cardiomyopathy associated with heart failure in neonates and spontaneous cardiac remodeling when Dicer deletion was induced postnatally in the myocardium (da Costa Martins et al. 2008) .
A role for Dicer in angiogenesis was reported by several groups (Yang et al. 2005; Kuehbacher et al. 2007; Suarez et al. 2007 Suarez et al. , 2008 as suggested from the phenotypes of Dicer ex1/2 mice (Yang et al. 2005) . Defects observed in Dicer ex1/2 embryos and yolk sacs were associated with altered expression of VEGF and its receptors KDR (VEGFR2) and FLT-1 (VEGFR1), as well as the putative angiopoietin-2 receptor, Tie-1. This study suggested that Dicer has a role in embryonic angiogenesis, probably through processing of miRNAs that regulate expression levels of key angiogenic regulators (Yang et al. 2005; Suarez and Sessa 2009) . In a similar context of global Dicer hypomorphic mice, the female infertility in this mouse line (Dicer d/d ) was caused by corpus luteum (CL) insufficiency, which results, at least in part, from an impairment of new capillary vessel growth in the ovary (Otsuka et al. 2007 (Otsuka et al. , 2008 . The impaired CL angiogenesis in Dicer d/d mice was partly due to a lack of miR17-5p and let7b, two miRNAs that were found to participate in the endothelial function of angiogenesis. Although CL angiogenesis was reduced, embryonic vasculogenesis and angiogenesis were not affected in Dicer d/d mice, indicating that angiogenesis in different tissues has different sensitivities to the levels of Dicer protein (Otsuka et al. 2007 (Otsuka et al. , 2008 . Overall, these observations gave rise to a series of in vitro studies to examine the global functional role of miRNAs in endothelial cells. Silencing of Dicer using short interfering (si)RNA in human endothelial cells (ECs) resulted in impaired development of capillary-like structures and reduced cell growth (Kuehbacher et al. 2007; Suarez et al. 2007 Suarez et al. , 2008 . As expected, the knockdown of Dicer in ECs altered protein expression patterns of regulators in quiescent and activated endothelial biology, such us Tie-2/TEK, VEGFR2, endothelial nitric oxide synthase (eNOS), interleukin-8, and angiopoietin-like 4 (ANGPTL4) (Suarez et al. 2007 ). Interestingly, the Dicer silencing in ECs increased the expression of thrombospondin-1 (Tsp1) (Kuehbacher et al. 2007; Suarez et al. 2008 ), a multidomain matrix glycoprotein that has been shown to be an endogenous inhibitor of angiogenesis, which may explain, in part, the antiangiogenic phenotypes observed in vitro (Suarez and Sessa 2009) .
To examine the role of Dicer in postnatal angiogenesis in vivo and, in turn, the implication of miRNA processing on EC biology, several approaches were used. Specifically, subcutaneous injection of Dicer knockdown in HUVECs (suspended in a Matrigel plug) into nude mice showed reduced sprout formation (Kuehbacher et al. 2007 ). An additional approach generated two EC-specific Dicer knockout mouse lines, conditional Tie2-Cre;Dicer flox/flox mice, and the tamoxifen-inducible VECad-Cre-ER T2 ; Dicer flox/flox mice (Suarez et al. 2008) . Despite the fact that Dicer mRNA and protein levels were markedly reduced and miRNA production was diminished in ECs isolated from Tie2-Cre;Dicer flox/flox mice, they were viable and overtly normal, suggesting that the mice were either hypomorphic for Dicer expression or several long-lived miRNAs permitted EC survival. Similar to cultured ECs with reduced Dicer levels (Kuehbacher et al. 2007; Suarez et al. 2007 ), VEGF-driven angiogenesis was reduced in mice with conditional EC-specific loss of Dicer (Suarez et al. 2008 ). In addition, inactivation of Dicer in ECs reduced the angiogenic response to limb ischemia, as indicated by a reduction in capillary densities and blood flow recovery (Suarez et al. 2008) . Similarly, the loss of Dicer in ECs reduced tumor and wound healing angiogenesis. For further reading on this topic, refer to a recent review (Suarez and Sessa 2009) . In summary, these experimental approaches have begun to unveil the consequences of a deficit in miRNA biogenesis in EC biology.
It is important to keep in mind when interpreting these types of experiments, that noncanonical pathways for both Dicer and Drosha function as well as miRNA biogenesis are currently topics of investigation. Specifically, it was found that Dicer may participate in other processes unrelated to miRNA biology, such as formation of the heterochromatin (Fukagawa et al. 2004) , in addition to data supporting Dicer-independent miRNA biogenesis pathways as well as Drosha-independent pri-miRNA processing pathways (Ruby et al. 2007; Cheloufi et al. 2010; Cifuentes et al. 2010) . Given that the working hypothesis in the field is that changes in miRNA expression modulate the "robustness" of gene expression that governs function of the cell and its microenvironment, endothelial-derived miRNA biogenesis can clearly govern EC quiescence versus EC activation during angiogenesis. Deciphering the specific miRNA network responsible for the observed modulation of angiogenesis might prove to be a valuable tool in the clinic in various human pathologies, especially those involving the vasculature.
miRNA MODULATING ENDOTHELIAL FUNCTIONS
Mounting evidence indicates that there is an imbalance of miRNA levels in many diseases such as cancer, heart disease, or neurodegeneration. Whether this imbalance is the underlying cause or a consequence remains to be investigated. In any case, miRNAs provide promising potential therapeutic targets, especially because many miRNAs show striking organ-specific expression patterns, and different miRNAs have been specifically cloned from heart, brain, embryonic stem cells, and pancreatic islet cells, suggesting cell-type-specific functions (Houbaviy et al. 2003; Poy et al. 2004; Giraldez et al. 2005; Wienholds et al. 2005; Yang et al. 2005) .
Support for the potential involvement of miRNAs in angiogenesis was first suggested in 2006 using miRNA microarrays as a discovery tool describing the presence of miRNA in ECs (Poliseno et al. 2006) . In this article, using an early-stage miRNA microarray platform, 27 highly expressed miRNAs were identified in human umbilical vein endothelial cells (HUVECs), 15 of which were predicted to regulate the expression of receptors for angiogenic factors. In particular, they demonstrated that miR-221 and miR-222 affect the expression of c-Kit and, as a consequence, the angiogenic properties of its ligand, stem cell factor, in vitro (Poliseno et al. 2006) . Additional miRNA profiling studies by other groups identified a total of 200 miRNAs that are thought to be expressed by endothelial cells. Overall, there are 28 miRNAs that were identified in more than half (five out of eight) of the profiling studies (Heusschen et al. 2010) . For a summary of miRNAs with known functional role in ECs, view Table 1 . Emphasis on dissection of the relationships between specific miRNAs, signal transduction, and gene expression in vascular function has led to the realization that both highly expressed miRNAs as well as rarely detected miRNAs may play a role in fine-tuning endothelial cell physiology. Among the highly expressed miRNAs in ECs, miR-126 (also referred to as miR126-3p) is enriched in tissues with high vascular density such as the heart and lungs (Lagos-Quintana et al. 2002; Fish et al. 2008; Harris et al. 2008; Wang et al. 2008) . In mammals and birds, miR-126 is encoded by intron 7 of the EGF-like domain 7 gene (Egfl7) and appears to have a similar pattern of endothelial expression as Egfl7 . Using human ECs in vitro, miR-126 was proposed to positively regulate endothelial cell migration, proliferation, and the stability of capillary tubes (Fish et al. 2008) . ECs lacking miR-126 exhibit a diminished angiogenic response to growth factors such as VEGF and bFGF (Kuhnert et al. 2008; Wang et al. 2008) and have an increase in leukocyte adherence in the presence of TNFa stimulation (Harris et al. 2008) . Two groups reported that mice null for miR-126 exhibit 40% embryonic or perinatal death (Kuhnert et al. 2008; Wang et al. 2008) , and the surviving miR-126 knockout neonates show delayed postnatal retinal and cranial angiogenesis (Kuhnert et al. 2008) . Moreover, adult miR-126 knockout mice show impaired VEGF-dependent corneal angiogenesis (Kuhnert et al. 2008) , as well as reduced survival and defective cardiac neovascularization following myocardial infarction . Mechanistically, the proangiogenic actions of miR-126 are mediated, at least in part, by promoting MAP kinase and PI3K signaling in response to VEGF and bFGF, through targeting negative regulators of these signaling pathways, including the Sprouty-related EVH-domain-containing protein Spred-1 and PI3K regulatory subunit 2 (PIK3R2/p85-b) (Fish et al. 2008; Kuhnert et al. 2008; Wang et al. 2008) . miR-126 also targets vascular cell adhesion protein 1 (VCAM-1), thereby regulating the adhesion of leukocytes to the endothelium (Harris et al. 2008) , suggesting a role of miR-126 in vascular inflammation. By targeting multiple signaling pathways, miR-126 may fine-tune angiogenic responses.
The miR-17 92 cluster, also named OncomiR-1, was the first identified tumor-promoting miRNA. This miRNA cluster is a polycistronic miRNA gene encoding for six miRNAs (miR-17, miR-18a, miR-19a, miR20a, miR-19b-1, and miR-92-a) , which are tightly grouped within an 800-bp region of human chromosome 13 (Mendell 2008) . Two paralogs of miR-17 92, miR-106a363 and miR-106b25, also exist in mammals. Genetic dissection revealed that mice lacking this cluster suffer from early postnatal lethality, with severe hypoplastic lungs, ventricular septal defects, and defects in B-cell development (Ventura et al. 2008) . The defects in early B-cell development were partially explained by the direct repression of the proapoptotic gene BIM by this cluster at the pro-to pre-B-cell transition (Ventura et al. 2008) . The human genomic locus of the miR17 92 cluster, C13orf25, is within 13q31, a genomic locus that is amplified in several types of lymphoma and solid tumors (Ota et al. 2004; He et al. 2005) . miR-17 92 has been shown to cooperate with c-Myc to induce B-cell lymphoma in mice (He et al. 2005) . The pathological hallmarks of these animals included massive enlargement of lymph nodes, splenic hyperplasia, infiltration of the thymus by lymphoma cells, and leukemia. A link between miR-17 92 and tumorigenesis was further strengthened by the observation that overexpression of this cluster in thymocytes and pro-B-cells leads to hyperplasia of peripheral lymphoid tissues (Xiao et al. 2008 ). This phenotype was contributed by the targeting and down-regulation of the tumor-suppressor gene PTEN and the proapoptotic gene Bim via the miR-17 92 cluster (Xiao et al. 2008) . Compatible with these results, genetic ablation of this cluster in a Myc-driven B-cell lymphoma leads to a dramatic suppression of tumorigenicity (Mu et al. 2009 ). In the latter case, members of the miR-19 family (miR-19a and miR-19b) were found essential to mediate the oncogenic activity of the entire cluster in part by modulating the expression of the tumor-suppressor gene PTEN (Mu et al. 2009 paper linking this miRNA cluster indirectly to angiogenesis showed that colon cancer cells expressing the c-Myc oncogene up-regulate the expression of the miR-17 92 cluster, which, in turn, represses the levels of the antiangiogenic molecules, thrombospondin-1 (Tsp-1) and a related molecule, connective tissue growth factor (CTGF) (Dews et al. 2006) . Antisense experiments suggested that miR-19 was primarily responsible for Tsp1 down-regulation and miR-18 for CTGF down-regulation in response to Myc (Dews et al. 2006) . The investigators showed that the angiogenic activity of c-Myc, at least in part, is due to activation of the miR-17 92 cluster, which is sufficient to reduce Tsp1 and CTGF levels and promote angiogenesis and tumor growth, thus showing paracrine control of angiogenesis via tumorderived miRNAs. The specific function of members of this cluster in endothelial cells has been more directly addressed using isolated ECs. Suarez et al. (2008) showed a cell-intrinsic proangiogenic role for components of this cluster. Specifically, transfection of VEGF-regulated miRNAs (miR-17-5, miR-18a, mi-20a) into Dicer-depleted cells rescued and restored the defects in endothelial cell proliferation and organization that were initiated by the loss of Dicer (Suarez et al. 2007 (Suarez et al. , 2008 . Conversely, treatment with anti-miRs targeting miR17-5, 18a, and 20a reduced the organization of VEGFstimulated HUVECs (Suarez et al. 2008 ). In part, this was explained by the targeting of the antiangiogenic protein Tsp1 by miR-18a (Suarez et al. 2008) . Collectively, these data show that in the absence of miRNA processing (Dicer inactivation), VEGF-induced proliferation and morphogenesis are mediated, in part, by miR-17 92 activation. As mentioned above, female infertility in this Dicer hypomorphic mouse line (Dicer
) is caused by corpus luteum (CL) insufficiency, which results, at least in part, from an impairment of new capillary vessel growth in the ovary (Otsuka et al. 2007 (Otsuka et al. , 2008 . The impaired CL angiogenesis in Dicer d/d mice was partly due to a lack of miR-17-5p and let7b, two miRNAs that were found to participate in the endothelial function of angiogenesis via regulation of the expression of the antiangiogenic factor tissue inhibitor of metalloproteinase 1 (TIMP1). Injections of miR-17-5p and let7b into Dicer d/d mouse ovaries partially recovered the vascularity in the CL, likely in part through the suppression of TIMP1 expression in Dicer d/d mouse ovaries (Otsuka et al. 2008) . Collectively, these data, in the context of low levels of Dicer1, suggest an important function of miR-17 92 in promoting angiogenesis.
Interestingly, antiangiogenic properties of members of the miR-17 92 cluster (Rayner et al. 2010) were reported in two different studies in cultured ECs (Bonauer et al. 2009; Doebele et al. 2010) . Specifically, overexpression of the individual members of the miR17 92 cluster inhibited three-dimensionally (3D) spheroid cell sprouting, network formation, and cell migration (Doebele et al. 2010 ). Yet, only the combined inhibition of miR17 and miR20a by antagomir treatment in vivo enhanced vessel invasion into subcutaneous implanted Matrigel but not tumor angiogenesis. Relevant targets mediating the antiangiogenic activity of miR17 included the cell cycle inhibitor p21, the S1P receptor EDG1, and the protein kinase Jak1 (Doebele et al. 2010 ). Bonauer et al. (2009) further supported an antiangiogenic role for miR92a in ECs. Transfection of ECs with pre-miR92 in vitro blocked sprout formation, vascular network formation, endothelial cell migration and impaired adhesion to fibronectin, yet had no effect on proliferation of ECs (Bonauer et al. 2009 ). Accordingly, injection of miR-92a antagomirs into mice promoted neovascularization in ischemic limbs as shown by reduction in toe necrosis and recovery of blood flow and improved cardiac function in a model of myocardial infarction. This antiangiogenic action of miR-92a is mediated, at least in part, via repression of the a5 integrin subunit (Bonauer et al. 2009) . Thus, in this study, miR-92a was identified as a repressor of the angiogenic program. Given that these in vivo experiments included systemic administration of antagomirs, which is most likely internalized by multiple cell types, it remains to be investigated as to the specific relevance of endothelial derived miR17 92 cluster in vivo in both developmental and pathological angiogenesis.
A functional link between miR-296 and tumor-induced angiogenesis was shown in a primary culture of human brain microvascular ECs as well as in primary tumor ECs isolated from human brain tumors (Wurdinger et al. 2008) . miR-296 was the only miRNA observed to be significantly up-regulated in the gliomainduced endothelial cells. Using a modified antisense miR-296 inhibitor resulted in a significant decrease in tube branching, tube length, and migration in the presence of a proangiogenic stimuli such as VEGF or glioma U87 cell-derived conditioned medium. The data support a positive regulatory role for miR-296 in the induction of tumor angiogenesis. The mechanisms of miR-296 regulation of endothelial biology is through targeting hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), which degrades VEGF receptor 2 and platelet-derived growth factor receptor b (Wurdinger et al. 2008 ). This suggests that endothelial activation by proangiogenic factors induces a positive feedback loop that increases the sensitivity of endothelial cells to additional proangiogenic stimuli.
miR-210 up-regulation is a crucial element in endothelial cell response to hypoxia (Fasanaro et al. 2008) . In normoxic ECs, overexpression of miR-210 was shown to enhance tubulogenesis and VEGF-induced migration of HUVECs. Conversely, blockade of miR-210 inhibited tube formation and migration in response to VEGF, inhibited cell growth, and induced apoptosis, in both normoxia and hypoxia (Fasanaro et al. 2008) . In keeping with this latter finding, it has been shown that miR-210 inhibition activates caspases (Kulshreshtha et al. 2007) . One may speculate that the inhibitory effects on migration and tubulogenesis are mediated by enhanced apoptosis. One relevant target of miR-210 in hypoxia was Ephrin-A3, the eph-related receptor tyrosine kinase ligand 3. Ephrin-A3 modulation by miR210 via its down-modulation was a necessary event of miR-210-mediated stimulation of capillary-like formation and EC chemotaxis in response to VEGF and hypoxia (Fasanaro et al. 2008 ). In the developing cardiovascular system, Eph and ephrin molecules control the angiogenic remodeling of blood and lymphatic vessels and play essential roles in ECs, pericytes, and vascular smooth muscle cells (Kuijper et al. 2007) . Taking a molecular approach encompassing proteomics, transcriptomics, bioinformatics, and biochemistry to investigate miR-210 function, Fasanaro et al. (2009) validated 31 new direct miR-210 targets, allowing better delineation of the molecular pathways underpinning miR-210 action. Limiting their analysis to those genes that exhibited inverse patterns when miR-210 was overexpressed or downregulated, Gene Ontology analysis of this study confirmed a role for miR-210 in differentiation and cell cycle regulation and highlighted new functions in RNA processing, DNA binding, membrane trafficking, and development (Fasanaro et al. 2009 ). Interestingly, the HIF1a pathway was found to be the most enriched miR-210-modulated pathway, suggesting a potential bidirectional relationship between miR-210 and the HIF pathway. Other enriched pathways, such as ATM, FAS, and TNFR1, correlated with the antiapoptotic role of miR-210 (Fasanaro et al. 2009) .
Given the important characteristic of tissue-and cell-type-specific expression pattern of miRNAs, future studies of different endothelial cell sources using platforms with a broad miRNA coverage will provide a more comprehensive list of endothelial miRNAs and their role in the regulation of different aspects of the angiogenic response.
REGULATION OF miRNA SYNTHESIS IN ECs
ECs are exquisitely sensitive to a variety of signals, and emerging data now implicate several signaling pathways regulating EC miRNAs. For example, hypoxia triggers the expression of miR-210 in all cells tested including ECs (Kulshreshtha et al. 2007; Fasanaro et al. 2008) . Importantly, HIF1a was necessary and sufficient for miR-210 activation (Fasanaro et al. 2008) . Hypoxia is a key determinant of tissue pathology and organ perfusion, and miR-210 was also shown to be up-regulated in rat models of cardiac hypotrophy/cardiac failure and in a model of transient focal ischemia (Wu et al. 2009) . Thus, the compiled data suggest that the miR-210-mediated stimulation of capillary-like formation and EC chemotaxis in response to VEGF may contribute to modulate the angiogenic response to ischemia.
In exploring the possibility that VEGF may modulate the expression levels of miRNAs, which, in turn, may regulate aspects of the integrated angiogenic response, HUVECs were treated with VEGF, and expression of miRNAs was quantified using miRNA microarrays. It was reported that VEGF increased the expression of several miRNAs commonly overexpressed in human tumors (hsa-miR-155, -191, -21, -17-5p, -18a, and -20a ) that have been further implicated in the control of tumor growth, survival, and angiogenesis (Chan et al. 2005; Cheng et al. 2005; Dews et al. 2006; Volinia et al. 2006) . Interestingly, these miRNAs show low basal levels of expression in HUVECs but are induced after VEGF stimulation, suggesting that these miRNAs may regulate aspects of the angiogenic actions of VEGF.
More recently, the role of several cytokines mediating an miRNA-dependent response of ECs to an inflammatory milieu was tested. For example, atherosclerotic lesion progression requires intraplaque neovascularization, and the inflammatory cells contained in the neointima mainly contribute to this process by releasing cytokines and growth factors, such as IL-3 and bFGF (Dentelli et al. 1999) . To evaluate the biological functions of miRNAs in inflammatory angiogenesis, ECs were exposed to IL-3 or bFGF, and the regulation of a subset of seven miRNAs, previously known to be involved in angiogenesis, was tested (miR-17-5p, miR-21, miR-126, miR-210, miR-221, miR-222, and miR-296) (Dentelli et al. 2010) . Out of this list, a significant down-regulation of miR-296, miR-126, and miR-221/222 was detected in ECs, yet only overexpression of pre-miR222 resulted in failure to induce EC proliferation and migration in response to IL3 or bFGF (Dentelli et al. 2010) . The biological relevance of miR-222 in regulating plaque progression was investigated by isolating human ECs from normal and atherosclerotic samples. miR-222 was highly expressed in ECs recovered from normal vessels and conversely, from early to advanced lesions, a progressively decreased expression of miR-222, whereas STAT5A, a direct target of miR222 in this context, was barely detectable in normal vessel, and its expression increased from early to advanced lesions. This study provided evidence that miR-222 is the main regulator of vascular cell biology in an inflammatory microenvironment containing IL-3 or bFGF and further identified STAT5A as a novel miR-222 target. An additional study focused on the role of bone morphogenetic protein receptor type II (BMPR2) in the development of pulmonary arterial hypertension. This study demonstrated that the miR-17 92 cluster is modulated by IL-6, a cytokine involved in the pathogenesis of pulmonary hypertension, via activation of a STAT3-responsive region located 100 bp upstream of the start codon of C13orf25. In turn, BMPR2 is directly targeted by miR-17-5p and miR-20a, leading to the conclusion that increased IL-6 signaling leads to the downregulation of BMPR2, based on a phylogenetically conserved STAT3 -miR-17 92 pathway (Brock et al. 2009) .
The information about specific regulation of miRNAs via promoter elements has comparatively lagged behind, in contrast to the wealth of publications about the biological effects of miRNAs. In this regard, promoter elements that could contribute to the expression of the muscle-specific miR-1/miR-133 cluster have been identified, as well as miR-223 during granulopoiesis (Suarez and Sessa 2009) . The oncogenic transcription factor c-Myc activates the miR-17 92 cluster, and this mechanism plays an important role in tumor formation (O'Donnell et al. 2005; Dews et al. 2006) . In fact, six up-regulated miRNAs were consistently observed in the high c-Myc state: miR-17-5p, miR-18, miR-19, miR-20, miR-92, and miR-106 (O'Donnell et al. 2005) . The Ets family of transcription factors shares a highly conserved DNA-binding domain and regulates cell development, senescence, death, and tumorigenesis. Several members of the ETS family are expressed in ECs and have been shown to play a role in vasculogenesis, angiogenesis, inflammation, and remodeling (Oettgen 2006) . Ets family members Ets-1 and Ets-2 induce the expression of miR-126 in endothelial cells (Harris et al. 2010) . Another example of promoter regulation of miRNAs in ECs involved investigating the process of how mechano-sensory stimulus of blood flow governs vascular patterning. During the development of the embryonic vascular system, Nicoli et al. (2010) observed that flow is essential for angiogenesis during aortic arch (AA) development using a zebrafish model. They further found that angiogenic sprouting of AA vessels required a flow-induced genetic pathway in which the mechano-sensitive zinc finger transcription factor klf2a induces expression of miR-126 to activate VEGF signaling (Nicoli et al. 2010 ). This work provided new insights into how EC response to flow can be integrated with early developmental signals to drive angiogenesis.
THERAPEUTIC APPLICATIONS
A growing number of reports have shown that a derailed expression pattern of microRNA levels is a common feature in many human diseases including those involving the vasculature such as cardiovascular disease, retinopathy, and cancer (Esquela-Kerscher and Slack 2006; Liu and Olson 2010) . This has opened an exciting new avenue for targeted angiogenic therapies, and because a single miRNA can potentially regulate a plethora of endothelial functions by targeting multiple transcripts, miRNA-targeted therapy could profoundly influence an entire gene network and thereby modify complex endothelial cell function.
The roles of individual miRNAs in remodeling the angiogenic response in both developmental and pathological processes are just beginning to be revealed. miRs can promote angiogenesis by targeting negative regulators in angiogenic signaling pathways or inhibit angiogenesis by targeting positive regulators. Therefore, antagonism or mimicry of key miRNAs might be used to direct the angiogenic response in vivo and provide a novel approach for treatment of diseases with aberrant pathological angiogenesis. General therapeutic strategies include antisense-mediated inhibition of miRNAs and miRNA replacements with miRNA mimetics or viral vector-encoded miRNAs. Synthetic anti-miRNA oligonucleotides (AMOs) with 2 0 -O-methyl modification have been shown to be effective inhibitors of endogenous miRNAs both in vitro and in vivo. A single injection of modified AMOs conjugated with cholesterol termed "antagomirs" through intravenous injection to target the liver-specific miR-122 conferred specific miR-122 silencing for up to 23 d (Krutzfeldt et al. 2005) . As an alternative to 2 0 -hydroxyl-modified AMOs, lock nucleic acid (LNA) -based oligonucleotides (LNA-antimiRs) have been shown to be more stable and less toxic in inhibiting endogenous miRNAs in vivo (Vester and Wengel 2004; Elmen et al. 2008) . miRNA replacement therapy, although to a lesser extent, has also been examined in several in vivo cancer models. An alternative strategy to single anti-miRs, termed "miRNA sponges," includes transcripts expressed from strong promoters, containing multiple tandem binding sites to specific miRNAs that can competitively inhibit specific miRNAs (Ebert et al. 2007) . One advantage of this latter system is that one could construct sponges and anti-miRNA decoys with a combination of miRNA-binding sites to potentially inhibit an entire miRNA cluster. For a broader scope of the different applications, see the review by Trang et al. (2008) .
A potential pitfall of miRNA-based therapy are the off-target effects that are likely to occur because only partial complementarity between an miRNA and target mRNA transcripts is required (Heusschen et al. 2010) . One way of circumventing this lack of gene specificity would be to block miRNA actions in a gene-specific manner by specifically disrupting the binding between an miRNA and its designated binding site. Gene-specific miRNA mimics and miRNA-masking antisense approaches to perturb miRNA-mRNA interactions in vitro have recently been described, although the applicability of these approaches still needs to be demonstrated in vivo (van Rooij and Olson 2007; Xiao et al. 2007) .
A new area of exploration is the detection of miRNAs in body fluids as potential biomarkers for diagnosis of physiological processes ( pregnancy) and various diseases such as myocardial infarction. Gilad et al. (2008) were able to detect miRNA in serum and urine and showed that the levels of three placental microRNAs (hsa-miR526a, hsa-miR-527, and hsa-miR-520d-5p) could be used to accurately distinguish pregnant from nonpregnant women. In other experimental models of acute myocardial infarction, several groups have shown that muscle-enriched miRNAs, such as miR-1, miR-133a, miR-499, and miR-208, are elevated in plasma, thus suggesting that circulating myocardial-derived miRNAs might be useful as potential biomarkers of infarction (D'Alessandra et al. 2010) . Thus, circulating microRNAs in bodily fluids may represent useful clinical biomarkers.
Recent studies have identified a variety of miRNAs involved in angiogenic processes; therefore, modulating miRNA levels via either antagomirs or miRNA mimicry seems to be a promising target for future therapeutics. However, the incomplete understanding of the biology of miRNAs, the complexity of many miR targets, and the challenge of developing specific and efficient delivery systems targeting pathological versus physiological angiogenesis are needed before this exciting technology will come to its fruition. Lessons learned from antisense technologies and RNA interference approaches will no doubt be relevant in advancement of miRNA therapeutics. However, if key miRs can be identified that regulate entire pathways of angiogenic signaling, akin to approaches used to regulate multiple genes in the sterol-regulatory pathway (Rayner et al. 2010) , targeting miRs may be an innovative opportunity to fine-tune the balance of normal versus abnormal angiogenesis.
